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  I 

ABSTRACT 

The present thesis deals with the synthesis and investigation of new, low-cytotoxic alkyne 

and thiol monomers and their thiol-yne derived photopolymers. Furthermore, polymerizable 

photoinitiators featuring low migration in thiol-based resins have been studied. This 

research is driven by the vision to produce custom-made, biomedical devices by 

lithography-based additive manufacturing technologies. 

In the first part of this work alkyne ethers and alkyne carbonates have been explored as low 

cytotoxic alternatives to the commonly used (meth)acrylates. The work describes the 

synthesis, the cytotoxic behavior and the characterization of the photoreactivity of alkynes 

in combination with different thiol monomers. While featuring high reaction rates and also 

high monomer conversions, investigations on the network properties of cured thiol-yne 

resins by dynamic thermo-mechanical analysis (DMA), double quantum (DQ) solid state 

NMR spectroscopy and photorheology have revealed that these monomers show the 

potential to realize photopolymers with very homogenous network structures, leading to 

excellent mechanical properties in terms of modulus and polymer toughness. Different 

stabilizers have been evaluated in the resin that significantly improved the storage stability. 

It is also shown how the degradation behavior of cured photopolymers can be tuned from 

hydrolytic susceptibility to hydrolytic stability, dependent on the applied thiol or alkyne 

monomer. In this context, a new silicone-based thiol has been introduced as non-

degradable monomer, which also leads to polymers with reduced water absorption and 

improved mechanical properties. Printing experiments revealed, that the presented alkyne 

resins have shown excellent 3D printing behavior with high accuracy as it has been 

demonstrated on a digital light processing (DLP) based 3D printer.  

The second part of this work describes the synthesis and characterization of new type I 

alkyne-functionalized photoinitiators for thiol-ene and thiol-yne resins. It is the aim to realize 

low photoinitiator migration in biocompatible photopolymers, while still maintaining high 

initiation performance. Therefore, two different types of photoinitiators have been studied 

and their overall performances in a biocompatible thiol-ene and thiol-yne resins are 

discussed intensively. 

Due to the versatile properties of the presented thiol-yne photopolymers, including low 

monomer cytotoxicity, high photoreactivity and high monomer conversion together with 

excellent thermo-mechanical and impact properties, these material shows very high 

potential for the 3D printing of medical devices. 



 

  II 

KURZFASSUNG 

Die vorliegende Doktorarbeit beschäftigt sich mit der Synthese und Untersuchung von 

neuen Alkin- und Thiolmonomeren niedriger Zytotoxizität, sowie mit der Untersuchung der 

darauf basierenden Thiol-in Photopolymere. Zudem umfasst diese Arbeit die Synthese 

polymerisierbarer Photoinitiatoren, welche ein geringes Migrationsverhalten in thiol-

basierenden Harzen aufweisen. Motivation dieser Forschung ist die Herstellung 

patientenspezifischer, biomedizinischer Produkte mittels lithographischer 3D-Druck-

technologien. 

Im ersten Teil werden Alkinether und Alkincarbonate als niedrig-zytotoxische Alternativen 

zu kommerziellen (Meth)acrylaten vorgestellt. Es wird sowohl deren Synthese, deren 

Zytotoxizität als auch deren Photoreaktivität in Harzformulierungen in Kombination mit 

verschiedenen Thiolmonomeren beschrieben. Während sich die untersuchten Harze durch 

hohe Photoreaktivitäten und hohe Monomerumsätze auszeichnen, konnten 

Untersuchungen der Netzwerkeigenschaften mittels Dynamisch Mechanischer Analyse 

(DMA), Doppelquantum (DQ) Festkörper NMR Spektroskopie und Photorheologie zeigen, 

dass diese Photopolymere sehr homogene Netzwerkstrukturen aufweisen, die zu 

hervorragenden mechanischen Eigenschaften hinsichtlich Modul und Polymerzähigkeit 

führen. Es wurden außerdem verschieden Stabilisatoren untersucht, welche in der Lage 

sind die Lagerstabilität von Thiol-in Harzen deutlich zu steigern. Außerdem wird gezeigt, 

dass sich die Degradierbarkeit dieser Polymere durch den Einsatz unterschiedlicher Alkine 

und Thiole gezielt steuern lässt. In diesem Zusammenhang wird ein silizium-basierendes 

Thiol als nichtabbaubares Monomer vorgestellt. Neben geringeren Wasseraufnahmen führt 

dieses zusätzlich zu verbesserten mechanischen Eigenschaften der hergestellten 

Photopolymere. Durchgeführte 3D Druckexperimente zeigten, dass sich diese Alkinharze in 

einem DLP Prozess mit sehr hoher Genauigkeit drucken lassen. 

Im zweiten Teil dieser Doktorarbeit wird die Synthese und Charakterisierung neuer, alkin-

funktionalisierter Typ-I Photoinitiatoren für den Einsatz in Thiol-en und Thiol-in Harzen 

beschrieben. Ziel war es, die Migration von Photoinitiatoren in biokompatiblen 

Photopolymeren deutlich zu reduzieren. Hierfür wurden zwei Photoinitiatoren hergestellt 

und deren Einfluss in den Harzen untersucht und diskutiert. Aufgrund der vielfältigen 

Eigenschaften der präsentierten Thiol-in Photopolymere (niedrige Zytotoxizität, hohe 

Photoreaktivität und Monomerumsätze, gute thermomechanische Eigenschaften und 

Schlagzähigkeiten, gute Druckeigenschaften), zeigen diese ein hohes Potential für den 3D 

Druck medizinischer Produkte. 
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1 Motivation and outline 

Photopolymers have evolved into a rapidly progressing research field in the last years, 

mainly driven by the demand of high-performance materials for UV-based additive 

manufacturing technology (AMT) processes.1,2 Advances are being expected especially in 

the healthcare industry as the production of biomedical devices by means of AMTs offers the 

possibility of patient-specific customization of individually shaped parts, reaching from 

surgical or dental implants to prosthetics. 3D images can be directly obtained from CT, X-ray 

or MRI scans which significantly reduces costs, production time and inventory.3,4,5,6 The pallet 

of 3D printable biomaterials includes metals,7,8 ceramics8,9,10 and polymers,11,12,2 however, 

each type of material has its limitations in terms of its specific material and mechanical 

properties, processing methods, chemical properties, cell-material interactions and 

biocompatibility.13 From the UV-based 3D printing technologies, especially stereolithography 

(SLA) and digital light processing (DLP) are promising technologies for the processing of 

biomaterials as they offer several advantages, such as fast and precise fabrication with very 

high feature resolutions up to 10 µm, enabling the production of medical parts with complex 

geometries, smooth surface finish and variable mechanical properties.14,15,16,17 However, one 

major disadvantage of these technologies is the limited availability of biocompatible, 

photocurable resins.13 Furthermore the mechanical properties of common photopolymers are 

subject to improvement for many end-use applications.18 

In this contrast, the present thesis focuses on the development of new biocompatible, 

photoreactive resin systems based on the radical mediated reaction of alkyne and thiol 

monomers (thiol-yne reaction). In the first part, two classes of photopolymers, alkyne ethers 

and alkyne carbonates are presented which show low cytotoxicity, as well as high 

photoreactivities and conversions in combination with different commercially available, but 

also a newly synthesized thiol under UV curing conditions. Specific focus was set on the 

network structure and the mechanical properties of derived photopolymers and their 

degradation behavior in acidic or alkaline medium. In the second part new alkyne-

functionalized photoinitiators were synthesized and their performance in thiol-based resins 

was investigated. Particular focus was set on their photoreactivity in a biocompatible thiol-

ene resin and their migration behavior.  

Covering these aspects this thesis gives insights into the challenges of the development of 

biocompatible, photocurable materials and paves the way towards the 3D printing of medical 

devices.  
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2 Exploring alkyne ethers, alkyne carbonates 
and ester-free thiols in thiol-yne derived 
photopolymers for 3D printing 

The following results have been published in peer-reviewed journals or have been 

submitted to journals which are listed in chapter 5 of this thesis.19,20,21,22,23 

 

 State of the art 2.1

The concept of photopolymerization which describes structural changes of monomers, 

oligomers or polymers upon light exposure, is hardly new. Thus, photosensitive materials 

that harden by sunlight-induced crosslinking have already been used in ancient times for 

mummification or for caulking of wooden ships, known under Judean asphalt or Syrian 

bitumen.24 Nowadays, a multitude of photopolymers can be found in industrial products like 

coatings, adhesives, paints, ink-jet inks, photoresists, or optical materials.25,26,27 Especially in 

the last years, photopolymers gained increasing importance for UV-based AMT processes, 

such as lithography based 3D printing or 3D ink-jet printing.11 

It was already in the early 1980s when Chuck Hull invented the first rapid prototyping 

method, known as stereolithography (SLA).4,28 This layer-by-layer based AMT underlies the 

principle of photopolymerization, as a liquid, photoreactive resin solidifies upon irradiation 

with UV light by a computer-controlled laser beam (direct laser writing) or a digital light 

projector (DLP) creating a pattern on the surface of a resin. The solidified layer is moved on 

the building platform in order to recoat a fresh layer of resin which solidifies by a subsequent 

light-induced patterning step. Repeating these steps allows the construction of a three-

dimensional object.29 The object is washed after the completed structuring process to remove 

excess resin and it is post-cured afterward by UV light to increase the rather low monomer 

conversion during the patterning process and therefore, improve the mechanical properties 

of the built device. 

The device geometry and shape are defined by a CAD file which can be directly conducted 

from 3D imaging data as tomographic or magnet resonance scans, making rapid prototyping 

also interesting for the individualized fabrication of medical devices.5,30 The design is usually 

transferred into an STL file which is virtually sliced into layers of the thickness of the layer-by-

layer fabrication process, therefore allowing easy data processing.29 
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3D printing technologies as SLA and DLP represent a huge potential for the health care 

industry. While ear-shaped hearing aids or dental implantation drilling guides printed by 

lithographic processes are already well-established processes,31,3 the fabrication of patient-

specific implants or prosthetics by UV-based AMTs are future challenges to overcome.29 

Especially due to its high printing resolution, bone replacement materials (tissue engineering 

scaffolds), where porous implants with pore sizes between 50 – 1000 µm are known for 

optimal bone ingrowth,32,33,34 are challenging applications for lithographic 3D printing 

processes.29,35,36 

Many of the nowadays used photocurable resins for SLA and DLP are based on commercial, 

multifunctional acrylate or methacrylate monomers.18 Especially methacrylates are being 

favored for lithographic 3D printing processes due to their lower cytotoxicity and higher heat 

resistance compared to acrylates.37 However, the requirements on the material properties of 

AMT processed polymers differ from conventional photopolymers. Especially the mechanical 

performance, particularly the material toughness at sufficiently high heat deflection 

temperatures become essential key parameters for the production of 3D processed high-

performance materials.18,38 Although common resins based on (meth)acrylates show fast 

curing rates and excellent storage behavior, they are associated with brittleness of the 

manufactured parts which is a result of an inhomogeneous network formation during the 

radical mediated chain-growth mechanism and due to its low monomer conversion at the gel 

point, leading to internal shrinkage stress.37,18,39 

Another drawback of (meth)acrylates, especially for the production of medical devices is their 

rather high irritancy or even monomer cytotoxicity as they can serve as Michael acceptors for 

thiols and amines and therefore can interact with human proteins or DNA.40,41 In connection 

with rather low double bond conversions of reportedly 60 - 90%, cytotoxic residual monomers 

that remain in the cured polymer matrix state a health risk. Furthermore, methacrylates are 

known to form of high molecular weight (meth)acrylic acid upon hydrolytic degradation which 

limits their applicability for the production of implants or scaffolds.42 Elevated concentrations 

of acidic moieties can lead to a local decrease in the pH in the human body, which can cause 

inflammatory reactions or tissue necrosis in the worst case.43,44 

To overcome those challenges, different approaches can be found in the literature that focus 

on alternative photocurable systems to (meth)acrylates. Already in 2002, Matsuda et al. 

reported about biodegradable and biocompatible needles produced of poly(ε-caprolactone-

co-trimethylene carbonate) resins by traditional stereolithography.45 Further very recent 

studies have investigated vinyl carbonate, -carbamates and -esters demonstrating their high 

biocompatibility under in-vitro and in-vivo tests.46,47,48 Their mechanical properties, 
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mentionable their impact properties can be significantly improved by modified backbone 

structures.49 As one major disadvantage they show rather low reactivity which, however, can 

be enhanced by the addition of multifunctional thiols.33 Thereby, higher monomer conversion 

can be reached, which is, however, at the expense of their mechanical performance. Such 

thiol-ene systems feature high monomer conversions at the gel point due to their step-growth 

mechanism which leads to homogeneously crosslinked networks with low shrinkage stress 

compared to conventional (meth)acrylates.50,51,52 Thiol-ene photopolymerization is not 

inhibited by oxygen53,54 and due to the low cytotoxicity of conventional thiols, several 

concepts for the development of medical materials are based on thiol chemistry.55,56,57,58,59 

Major drawbacks of thiol chemistry are the distinct odor of many of the commercially 

available thiols and the rather low resin stability.51 Moreover, thiol-ene derived polymers are 

rather soft as their glass transition temperatures are often not higher than room temperature, 

with only a few exceptions reported very recently.57,60 This fact can be attributed to the rather 

flexible thioether linkages, but also to their rather low crosslink density.56,42,61 Also the 

presence of the ester groups originating from the commonly used low-odor, multifunctional 

thiols, the mercapto propionic acid or mercapto acetic acid derivatives, reduces the modulus 

and also leads to hydrolytic degradation of derived photopolymers under acidic or alkaline 

conditions.56,42,61 Additionally, water absorption is favored due to the polarity of the ester 

group, significantly reducing the mechanical performance of thiol-ene photopolymers upon 

water storage.56,62 As the formed thioether bond in thiol-derived photopolymers is rather 

stable, the hydrolytic stability of derived photopolymers is expected to significantly increase 

when thiols without hydrolytic sensitive groups (e.g. ester groups) are used. Nevertheless, 

only a few reports are available that deal with new ester-free thiols and their impact on the 

polymeric properties of thiol-ene photopolymers.63,57,62 

To improve the thermo-mechanical properties of thiol-ene photopolymers one strategy is the 

use of rigid ene structures as for example triallyl-1,3,5-triazine,2,4,6(1H,3H,5H)trione (TATT), 

norbornene derivatives or maleimides.57,62,60,64 Another strategy is to improve the overall 

crosslink density of photopolymers. This can be achieved by thiol-yne chemistry which 

describes the radical reaction of an alkyne with two thiol functional groups.65 Herein, each 

yne moiety reacts with a thiyl radical in a first step under formation of a vinyl sulfide 

intermediate which subsequently undergoes a reaction with a second thiyl moiety to form a 

1,2-disubstituted adduct as depicted in Scheme 1.66 The reaction of the thiyl radicals with the 

vinyl sulfide intermediate proceeds ~3 times faster than with the alkyne moiety in the first 

step.65 Using multifunctional alkynes and thiols, highly crosslinked polymers can be obtained 

that profit from the beneficial features of thiol click chemistry. Thus, it is mostly unaffected by 
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oxygen and humidity and proceeds at high reaction rates to high conversions, while forming 

highly homogeneous networks.67,68,59 Thiol-yne derived photopolymers offer an about six 

times higher crosslink density than their analogous thiol-ene species, which significantly 

increases their glass transitions temperatures far above room temperature.65 Investigation on 

the relative reactivity of alkyne monomers revealed that terminal alkynes show the highest 

reactivity towards thiols, followed by propargyl esters and propargyl ethers and internal 

alkynes while cyclooctyne, methyl propargylamine and ethyl propiolate did show this typical 

bireactive character.69 

 

 

Scheme 1: Radical mediated thiol-yne reaction. 

 

Generally, internal alkynes have shown low cytotoxicity in previous studies and seem to be 

promising candidates for the fabrication of medical materials.70 Thiol-yne resins showed good 

printability with high accuracy under direct laser writing techniques and also offer the 

possibility of surface post-modifications, which is another advantage for medical devices.71,72 

Inspired by the well-described concept of thiol-yne photopolymerization, we have therefore 

investigated alkyne carbonates and alkyne ethers as potential candidates for the UV-based 

AMT fabrication of medical devices. Also, a new ester-free thiol is presented in combination 

with these alkynes. This thesis describes our findings that have also been published in peer-

reviewed journals.20,19,21,22 
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 Results and discussion 2.2

2.2.1 Reactivity of monomer model compounds under physiological 

conditions 

In an initial study, the reactivity of (meth)acrylate and alkyne model compounds under 

simulated physiological conditions were investigated. (Meth)acrylates are known to interact 

with human DNA via Michael addition reactions with thiols and amino groups.41 Especially 

the electron density of the Michael acceptors determines the reactivity towards its donor.73,74 

The lower electron density of acrylates compared to methacrylates, therefore, explains their 

generally higher reactivity, hence higher cytotoxicity. While reportedly, terminal alkynes 

without electron drawing neighboring groups are known to be mostly inert to Michael 

reactions, even under basic conditions,75 we investigated the reactivity of water-soluble 

model compounds (Figure 1, left) in buffered D2O at 37 °C by 1H-NMR. It was observed that 

especially 2-hydroxyethyl acrylate (HEA), but also 2-hydroxyethyl methacrylate (HEMA) 

reacted very fast with the thiol compound, 2-(2-methoxyethoxy)ethanethiol (MTE), forming 

the expected Michael adduct (Figure 1, right) The reaction with ethanolamine hydrochloride 

(ETAHC) could only be observed for HEA in the given time frame. Most importantly, no 

reaction occurred for 3-butyne-1-ol (BuOH) with any of the two Michael donors, underlining 

previously observed results in the literature and expecting a lower cytotoxicity for this type of 

monomers.75 
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Figure 1: Left: Water-soluble model compounds [HEA = 2-hydroxyethyl acrylate, HEMA = 2-hydroxymethyl 
acrylate, BuOH = 3-butyne-1-ol, ETAHC = ethanolamine hydrochloride, MTE = 2-(2-methoxyethoxy)ethanethiol]. 
Right: Double bond conversion of HEA/MTE (squares), HEMA/MTE (triangle) and HEA/ETAHC (circles) under 
simulated physiological conditions. 
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2.2.2 Synthesis of alkyne monomers 

Two different types of monomers have been synthesized in straightforward procedures. 

Firstly, the synthesis of alkyne ethers was carried out via the well-described Williamson ether 

synthesis.76 Hereby, propargyl ether derivatives were obtained by reacting sodium hydride 

with the corresponding hydroxyl functionalized backbone structure to its sodium alkoxylate 

which was further converted with propargyl bromide to the desired propargyl ether 

derivatives in good yields.19 This reaction analogy failed for the synthesis of but-1-yn-4-yl 

ethers as an isomerization of the alkyne group from the terminal alkyne to its corresponding 

2-yne occurred. Therefore, 1-but-yn-3-ol was converted with sodium hydride to its alkoxylate 

and further reacted with the 1,4-dibromobutane to the desired product as described in the 

literature (see Scheme 2) in moderate yields.77 

 

 

Scheme 2: Synthesis of but-1-yn-4-yl ethers. 

 

Alkyne carbonates were synthesized in a KOH-catalyzed two-step reaction of alcohols with 

1,1’-carbonyldiimidazole (CDI) in good to very high yields as depicted in Scheme 3.20,78 

Di(but-1-yne-4-yl)carbonate (DBC), which was obtained in a single-step reaction of CDI using 

an excess of BuOH even showed quantitative conversion. 

 

 

Scheme 3: Synthesis of alkyne carbonates. 

 

In general, all alkyne ethers and carbonates were synthesized from commercially available 

hydroxyl functionalized backbones with exception of BisAEPE and BABC. Here the 

backbone molecule, 2,2-bis[4-(2-hydroxy)ethoxyphenyl]propane was obtained by the 

reaction of bisphenol A with ethylene carbonate as described in the literature.57 This 

backbone was then converted to BisAEPE via the described Williamson ether synthesis or to 
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BABC according to Scheme 3. The synthesized alkyne ethers and carbonates are listed in 

Scheme 4. The 1H- and 13C-NMR spectra of all compounds were in good agreement with the 

proposed structures. 

 

 

Scheme 4: Structures of the investigated alkyne monomers including reference substances. 
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2.2.3 In-vitro cytotoxicity 

Not only the unsaturated polymerizable moiety and its reactivity towards thio- and aza-

Michael donors is responsible for the cytotoxicity of photoactive monomers, but also the 

spacer group of these building blocks influences their cytotoxicity. As UV curable resins 

contain certain amounts of leachable residual monomers, the evaluation of monomer 

cytotoxicity is very important for the fabrication of biomedical applications. Due to the fact 

that thiols have shown low cytotoxicity as Mautner et al. reported in the literature,49 the focus 

of the cytotoxicity test was set on alkyne monomers. 

For that reason the cytotoxic potential of the synthesized alkyne ether and carbonate 

monomers with aliphatic C4 spacers and DBC, as well as tricyclo[5.2.1.02,6]decane-4,8-

dimethanol dibut-3-yn-1-yl carbonate (TCBC), which was used in 3D printing experiments 

(vide infra) was determined by in-vitro tests using L929 mouse fibroblast cells (due to ISO 

10993-5:2009) and compared to the cytotoxicity of 1,4-butanediol diacrylate (BuAc) and 1,4-

butanediol dimethacrylate (BuMAc) serving as reference compounds. The cells were 

incubated in a defined media with increasing concentrations of each monomer in DMSO, 

respectively, for 48 h at 37 °C. After an alkaline lysis step the cell protein concentration was 

determined via the Bradford method. The extrapolated concentration of which the half of the 

cells remained alive compared to the negative control (the cell culture medium) was 

assessed as the cell viability (EC50). The EC50 values of several investigated alkynes are 

listed in Table 1. 

 

Table 1: EC50 values obtained from cytotoxicity tests. 

 

Apparently, cells show much higher tolerance of the investigated alkynes, compared to the 

reference substances BuAc and BuMAc, which is reflected by at least the factor of three and 

much higher EC50 values. As an example, the detailed test results of BuAc and BuBE 

depicted in Figure 2 visualize the difference of their cytotoxic behavior. Here, the direct 

dependency of the cell protein concentration and the applied test concentration are shown. 

While the medium served as negative control, triton x100 was used as the cytotoxic positive 

control. Compared to BuBE, BuAc appears to be highly cytotoxicity even at the lowest tested 

  Alkyne ethers Alkyne carbonates References 

Monomer BuPE BuBE 4MPC 4PC 4BC TCBC DBC BuAc BuMAc 

EC50 / mM 3 2 10.0 0.55 2.0 2.4 1.6 < 0.16 < 0.16 
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concentration of 0.16 mM. The obtained results reveal the superiority of alkyne ethers and 

carbonates in terms of monomer cytotoxicity compared to (meth)acrylates. 

  

Figure 2: Test results of in-vitro cytotoxicity tests. 

 

2.2.4 Investigated thiol monomers 

Thiol-yne resins were formulated using the commercially available 3-mercaptopropionic acid 

derivatives, trimethylolpropanetris(3-mercaptopropionat) (TMPMP), pentaerythritoltetra(3-

mercaptopropionat) (PETMP) and dipentaerythritolhexa(3-mercaptopropionate) (DiPETMP). 

Additionally, the commercially available 2,2′-(ethylenedioxy)diethanethiol (EDT) was used. 

Furthermore, silanetetrayltetrakis(propane-1-thiol) (TMPS) was synthesized via the radically 

induced thiol-ene reaction of the alkene precursor, tetraallyl silane with thioacetic acid. The 

intermediate thioester generated by this reaction was hydrolyzed under alkaline conditions to 

yield the corresponding thiol TMPS. The investigated thiols are depicted in Scheme 5. 

 

 

Scheme 5: Chemical structures of investigated thiols. 
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The characterization of the physiochemical properties of the newly synthesized thiol TMPS 

revealed a slightly lower density and surface tension, but a much lower viscosity compared to 

PETMP as shown in Table 2. This makes this thiol an interesting candidate for the 3D 

printing industry but also for the coating industry. 

 

Table 2: Density (ρ), surface tension (σ) and viscosity (η) of TMPS and PETMP. 

Thiol 

Monomer 

ρ / 

g*cm
-3

 

σ / 

mN*m
-1

 

η (25°C) / 

mPa*s 

TMPS 1.10 43.9 49.7 

PETMP 1.28 47.9 450.8 

 

2.2.5 Photoreactivity and Conversion 

For the development of biomedical materials two parameters, the curing rate and the 

conversion of UV curable monomers are important as they determine the 3D printing speed 

and the amount of leachable monomers in the built medical device. Photo Differential 

Scanning Calorimetry (photo-DSC) is a unique method that gives access to kinetic 

parameters of the photoactive resins. The hereby evaluated reaction time tmax, which is the 

time to reach the maximum of polymerization enthalpy, in combination with the peak shape 

reveals information about the overall photoreactivity. 

Figure 3 (left) displays the photo-DSC plots of the investigated thiol-yne formulations of 

alkyne carbonates bearing the same C4 spacer and the reference substances BuAc and 

BuMAc. It is shown that the thiol-yne resins offer photoreactivities that are comparable to the 

corresponding acrylate while only moderate curing performance were observed for the 

reference methacrylate BuMAc. The tmax values of investigated alkyne ethers and carbonates 

are summarized in Table 3. Comparison of the propargyl ether (4PE) with its analogous but-

1-yn-4-yl ether (4BE) reveals a significant difference in the curing performance which can be 

attributed to the additional CH2 group, reducing the inductive effect of the neighboring ether 

group on the terminal alkyne. Therefore, the overall photoreaction for 4BE is accelerated 

which is indicated by its low tmax value that is comparable to the reference acrylate. The same 

retardation effect can be seen in Figure 3 (left) for alkyne carbonates by comparing the 

propargyl derivative 4PC with the but-1-yn-4-yl derivative 4BC, thus making but-1-yn-4-yl 

derivative interesting candidates for fast curing 3D printing resins comparable to acrylates. 
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Figure 3: Photo-DSC plots of investigated monomers. Left: 4PC (solid), 4BC (chain dotted), 4MPC (dotted), BuAc 
(chain double dotted) and BuMAc (dashed). Right: BuAc (chain double dotted), BuMAc (solid), DBC/TMPMP 
(dotted), DBC/PETMP (dashed), DBC/DiPETMP (chain dotted). Light starts at 0 s. 

 

Figure 3 (right) shows the plots of DBC in combination with different thiols and the 

references. As it is shown, the curing speed tmax is mostly independent on the applied thiol. In 

general, the photoreactivity of monomers with higher molecular weight decreases as it is 

shown in Table 3. This can be attributed to their higher monomer viscosity, reducing the 

monomer mobility during the photoreaction which also leads to lower monomer conversions 

(vide infra). 

 

Table 3: Summary of photo-DSC (tmax) and RT-FT-IR measurements (conversion) of alkyne monomers in 
combination with thiols, including reference samples (BuAc and BuMAc). 

  Monomer tmax / s Conversion / % 

A
lk

y
n

e
 E

th
e

rs
 

BuPE 5.2
a
 94

a
 

BuBE 2.3
a
 99

a
 

BisAEPE 6.2
a
 65

b
 (98)

b,c
 

BisAPE 8.1
a
 62

b
 (92)

b,c
 

R
e
f.

 BuMAc 6.7 74 

BuAc 1.8 79 

A
lk

y
n

e
 C

a
rb

o
n

a
te

s
 4PC 3.8
d
 98

 a
 

4BC 2.8
 d
 98

 a
 

4MPC 2.5
 d
 96

 a
 

TCBC 2.6
 d
 94

 a
 

TMPC 3.7
 d
 91

 a
 

BABC 3.5
 d
 84

 a
 

 

a
 Corresponds to a formulation with a stoichiometric amount of TMPMP 

b
 Corresponds to a formulation with a stoichiometric amount of TMPS 

c
 Measured after post-curing at 100 °C 

d
 Corresponds to a formulation with a stoichiometric amount of PETMP 
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The findings of the photo-DSC measurements of the alkyne ethers was confirmed by real-

time Fourier Transformed Infrared Spectroscopy (FT-IR) measurements which were used to 

observe the conversion of the alkyne triple bonds, the double bonds of the reference 

meth(acrylates) and the thiol groups during illumination. As shown in Figure 4 (right), 

BuBE/TMPMP outperforms BuPE/TMPMP in terms of photoreactivity, also leading to higher 

overall conversions. Mentionable the conversion of the thiol group happens simultaneously 

with the consumption of the alkyne bond, revealing the absence of any side reactions. Thus, 

the conversion after 2 min of illumination is almost quantitative for BuBE as shown in Table 

3, while BuPE reaches a high conversion of 94%. In contrast, the references show only a 

conversion of 79% for the acrylate, BuAc and only 75% for the methacrylate, BuMAc, 

revealing the superiority of alkyne ether monomers in terms of monomer conversion. 
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Figure 4: Real-time FT-IR measurements: Conversion of alkyne and thiol moieties. Left: BuBE (open triangle) / 
TMPMP (diamond), BuPE (open square) / TMPMP (circle). Right: Conversion of (meth)acrylates. Right: BuAc 
(square) and BuMAc (triangle). 

 

Similar high conversion rates were observed for alkyne carbonates, which also show much 

higher conversions compared to the reference acrylate and methacrylate as it is shown in 

Figure 5 and Table 3. As already mentioned, generally lower conversions were observed for 

the alkyne monomers of higher molecular weight (TMPC, TCBC, BABC, BisAEPE or 

BisAPE). This fact is explained by their higher monomer viscosity reducing the overall 

monomer mobility during the curing process (e.g.: BuPE = 4.7 mPa*s v.s. 

BisAEPE = 949 mPa*s; 4PE = 44 mPa*s v.s. TCBE = 2330 mPa*s). 
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Figure 5: Triple bond (alkyne carbonates) and double bond ((meth)acrylates) conversion versus illumination time. 

 

Nevertheless, it was demonstrated that it is possible to increase the overall monomer 

conversion of thiol-yne networks by post-illumination in combination with heating the sample 

above its Tg as it is demonstrated for formulations containing bisphenol A derivatives (see 

Figure 6). Hereby it was possible to improve the monomer conversion from 62% to 92% for 

BisAPE and 65% to 95% for BisAEPE while significantly reducing the amount of leachable 

monomers. For these tests, the thiol TMPS was used instead of TMPMP and PETMP in 

order to improve the network properties as this type of ester-free thiol is known to provide 

hydrolytically stable networks with good mechanical properties, even after water storage 

(vide infra).62,22 
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Figure 6: Conversion of the alkyne monomers BisAEPE (square) and BisAPE (triangle) in alkyne/TMPS 
formulations versus illumination time including thermal post-curing. 
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2.2.6 Storage Stability 

2.2.6.1 Stability of alkyne ether formulations 

High monomer reactivity raises the question of shelf-life stability, as thiol-based formulations 

are known for their rather poor storage stability.51 It was recently reported that pyrogallol in 

combination with appropriate phosphonic acids sufficiently suppresses occurring dark 

reactions in thiol-based resins.79 Therefore, accelerated stability tests at 50 °C, monitoring the 

resin viscosity, were carried out with BuBE/TMPMP and BuVE/TMPMP serving as a 

reference. While BuVE/TMPMP containing 0.5 wt% of pyrogallol and 2 wt% of 

decylphosphonic acid as stabilizers, completely gelled after 4 h, BuBE/TMPMP, containing 

the same stabilizers, showed only a viscosity increase of 22% after one week of storage 

under the same conditions. The higher stability of alkyne monomers can be attributed to their 

absent reactivity towards Michael donors which is another advantage of thiol-yne systems. 

 

2.2.6.2 Investigation of different stabilizers in alkyne carbonate formulations 

Additionally, different stabilizers were tested in a DBC/PETMP formulation. Due toxicological 

aspects stabilizers have been chosen that can also be found in the food industry including 

propyl gallate,80 lauryl gallate,81 4-hexylresorcinol,82 α-tocopherol83 and butylated 

hydroxytoluene (BHT)84 (see Scheme 6). 

 

 

Scheme 6: Investigated stabilizers. 
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To compare their stabilization efficiency in a DBC/PETMP formulation (containing 

concentrations of 0.25 wt% or 0.5 wt% stabilizer) the viscosity of each formulation was 

monitored on a cone-plate rheometer under continuous rotation at 50 °C (accelerated 

stability tests). The stabilizer efficiency was compared to the hetero-synergistic system 

pyrogallol/diisoctylphosphinic acid (DIOPA) and hydroquinone monomethyl ether (MEHQ). 

For comparison, the viscosity increase after 20 h is depicted in Table 4. 

 

Table 4: Viscosity increase after 20 h of investigated stabilizers. 

 

Concentration / 

wt% 

Viscosity increase 

after 20 h / % 

non stabilized - 278 

Propyl gallate 0.25 121 

Propyl gallate 0.5 76 

Lauryl gallate 0.25 42 

Lauryl gallate 0.5 38 

4-Hexylresorcinol 0.5 80 

BHT 0.5 49 

α-Tocopherol 0.5 995 

MEHQ 0.5 36 

Pyrogallol 0.5 43 

Pyrogallol / DIOPA 0.5 / 2.5 42 

 

While the viscosity of the non-stabilized formulation increased by 278%, the investigated 

additives showed significant stabilizing effects with exception of α-tocopherol which lead to 

an viscosity increase by 995%. Lauryl gallate (+38% for 0.5 wt% and +42% for 0.25 wt%) 

clearly showed the best stabilizing effect at both investigated concentrations, comparable to 

the reference MEHQ (+36% for 0.5 wt%) and pyrogallol (+43% for 0.5 wt%). The effect was 

slightly less pronounced for BHT (+49% for 0.5 wt%), while decreased stability could be 

observed by propyl gallate and 4-hexylresorcinol. Mentionable, the acidic co-stabilizer did not 

show any beneficial effect in combination with pyrogallol. 
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2.2.7 Network structure and thermo-mechanical properties 

2.2.7.1 Alkyne ethers networks 

Thiol-ene derived photopolymers from vinyl ethers are known for their good biocompatibility, 

however, one major limitation is their poor mechanical properties due to their low glass 

transition temperatures (Tg) compared to thiol-yne networks.85,65 For polymers intended for 

hard tissue engineering the glass transition temperature has to be above body temperature, 

thus, the polymer has to be in its glassy state to provide desired mechanical properties. 

Major factors influencing the Tg are the structure of the polymer backbone and the crosslink 

density. Dynamic mechanical analysis (DMA) measures the temperature dependent storage 

and loss moduli and therefore gives access to the glass transition temperature. However, 

getting detailed information about the crosslink density is much more difficult. For slightly 

crosslinked polymers equilibrium swelling is reported,86,87,88 while homogenous networks can 

be studied by correlating the network density with the Tg and the storage modulus in the 

rubbery state.65 

However, to get quantitative access to the network density and also the fraction of non-

network-bound chains (e.g. residual monomers, photoinitiators or their cleavage products), 

double quantum (DQ) solid state NMR represents a unique and versatile method.89,90 Hereby 

the residual dipolar couplings (Dres) of neighboring 1H-1H pairs are measured which describe 

the orientational anisotropy of polymeric chains caused by restricted motion in the polymer, 

resulting from e.g. crosslinks. Dres is, therefore, direct proportional to the crosslink density. 

The measuring temperature has to be more than 50°C above the Tg, enabling unrestricted 

motion of polymeric segments, thus avoiding artifacts by reducing their conformal space.91 

Using appropriate pulse sequences and fitting parameters for the resulting build-up curve 

(e.g. Gaussian fit, second momentum approximation),92 Dres and the defect fraction (DF), 

describing non-network chains can be obtained. 

For a better understanding of the network behavior of thiol-yne photopolymers, DQ NMR was 

used to compare the network density of a thiol-ene derived polymer with thiol-yne derived 

polymers based on the same backbone structure. Therefore 1,4-butanediol divinyl ether 

(BuVE) was compared with BuPE and BuBE in combination with TMPS. Comparison of the 

Dres values in Table 5 shows that the crosslink density of thiol-yne derived photopolymers is 

six-times higher compared to thiol-ene photopolymers. This confirms the observations of 

Fairbanks et al.65 The fraction of non-network chains is in accordance with the expected 
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amount and can be explained by residual photoinitiator or its fragments and residual, 

unreacted monomers in the sample. 

 
Table 5: Analysis of the normalized DQ curves obtained for the different samples at 100 °C. 

 

The much higher crosslink density of thiol-yne derived photopolymers results in a higher Tg 

and thus, in an improvement of their mechanical properties as it is confirmed by DMA 

measurements. While BuVE/TMPS exhibits a Tg of only -35 °C, its analogous alkyne ethers 

BuPE/TMPS and BuBE/TMPS show Tgs between 34 - 36 °C as it is shown in Table 6.  

 

Table 6: Results of DMA measurements of alkyne ethers. 

 

 

 

 

 

 

 

 

b 
Corresponds to a formulation with a stoichiometric amount of TMPS 

c
 Measured after post-curing at 100 °C 

 

However, their thermo-mechanical properties are still inferior compared to the 

(meth)acrylates which show a Tg of 50 °C (BuMAc) and even 80 °C (BuAc) and much higher 

moduli at 37 °C of 1400 – 1600 MPa compared to 230 – 250 MPa of BuPE and BuBE. This 

fact that can be attributed to the high flexibility of thioether linkages.93 The full width at half-

Sample Dres/2 / 

kHz 

res/2 / 

kHz 

non-network chains / 

% 

BuBE/TMPS 9.0 1.4 4.3 

BuPE/TMPS 8.4 2.0 4.6 

BuVE/TMPS (Gaussian distribution) 1.4 1.3 2.5 

Monomer Tg / °C E' at 37 °C / MPa FWHM / °C 

BuVE -35±0
b
 17±1

b
 10±0

b
 

BuMAc 50±38 1650±20 - 

BuAc 80±6 1420±30 - 

BuPE 34±1
b
 255±30

b
 42±0

b
 

BuBE 36±0
b
 230±5

b
 34±1

b
 

BisAEPE 58±0
b,c

 1200±75
b,c

 20±0
b,c

 

BisAPE 100±1
b,c

 1860±10
b,c

 59±0
b,c
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maximum of tan delta (FWHM) which is a measure of network homogeneity of BuVE is much 

lower than for BuPE and BuBE indicating a homogeneous network structure. Nevertheless, 

alkyne ethers still show a much narrower glass transition than the (meth)acrylates as it can 

be seen for BuAC, BuPE and BuBE in Figure 7 (left). 
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Figure 7: Storage modulus and tan delta versus temperature. Left: BuAc. (dotted) and the stoichiometrically 
balanced polymerization of BuBE/TMPS (chain-dotted) and BuPE/TMPS (solid). Right: BisAEPE/TMPS (solid) 
and BisAPE/TMPS (dashed). 

 

The use of rigid backbone structures significantly enhances the thermo-mechanical 

properties as it is shown by the example of the bisphenol A derivatives in Table 6 and Figure 

7 (right). Therefore, photopolymers can be obtained with a Tg well above body temperature, 

allowing the fabrication of biomedical materials. 

 

2.2.7.2 Alkyne carbonates networks 

Similar DMA results were obtained for alkyne carbonates which were polymerized with 

PETMP. Although the Tg of C4 based monomers is above 37 °C, the storage moduli for 

4PC/PETMP and 4BC/PETMP were still too low as it is shown in Table 7 and Figure 8 (left). 

A slight improvement in modulus was achieved by the additional methyl group in 4MPC, 

however, appropriate storage moduli and significantly higher Tgs were only obtained by rigid 

backbone structures (BABC or TCBC) or the use of multifunctional alkynes as shown for 

TMPC in Figure 8 (right). 
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Table 7: Results of the DMA measurements of alkyne carbonate/PETMP photopolymers. 

Monomer Tg [tan(delta)] / °C E' (37 °C) FWHM / °C 

4PC/PETMP 45±1 509±33 19±1 

4PC/20TMPS 48±1 1134±216 14±1 

4BC/PETMP 41±1 257±1 15±1 

4MPC/PETMP 49±3 1107±112 14±5 

TMPC/PETMP 59±1 1629±126 28±1 

BABC/PETMP 60±1 2155±10 17±2 

TCBC/PETMP 56±1 1720±141 19±1 

TCBC/DiPETMP 72±1 2346±34 17±1 

 

Again the network homogeneity of the presented thiol-yne photopolymers is much higher 

than for (meth)acrylates as reflected by their lower FWHMs in Table 7 and the weakly 

defined maximum of tan delta of BuAc in Figure 8. 

-20 0 20 40 60 80 100

0.1

1

10

100

1000

E
' /

 M
P

a

T / °C

0.0

0.4

0.8

1.2

1.6

2.0

 4MPC/PETMP

 4BC/PETMP

 BuAC

ta
n
 d

e
lt
a

-20 0 20 40 60 80 100

1

10

100

1000

E
' /

 M
P

a

T / °C

0.0

0.4

0.8

1.2

1.6

2.0

 TMPC/PETMP

 BABC/PETMP

ta
n
 d

e
lt
a

 

Figure 8: Storage modulus and tan delta from DMA measurements of investigated polymer samples. Left: 
4MPC/PETMP (solid), 4BC/PETMP (dashed), BuAc (chain dotted). Right: TMPC/PETMP (solid), BABC/PETMP 
(dashed). 

 

Replacing 20% of PETMP by TMPS in a 4PC/PETMP formulation already lead to an 

increase of 3 °C of the Tg and a narrower glass transition, resulting in a higher storage 

modulus at 37 °C as depicted in Table 7 (4PC/20TMPS) and Figure 9 (left). Replacing 

PETMP with DiPETMP as it is shown for TCBC in Figure 9 (right) lead to an increase of 

17 °C for the Tg and an increase in modulus by 600 MPa. 
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These observations can be compared to thiol-ene derived photopolymers. DMA 

measurements of cured samples of TATT in combination with TMPS and PETMP revealed 

that TMPS leads to slightly improved mechanical behavior compared to PETMP in terms of 

Tg. 
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Figure 9: Storage modulus and tan delta from DMA measurements of investigated polymer samples. Left: 
4PC/20TMPS (solid), 4PC/PETMP (dashed). Right: TCBC/DiPETMP (dashed) and TCBC/PETMP (solid). 

 

Most mentionable, the mechanical properties of cured TATT/TMPS were mostly unaffected 

by water uptake as shown in Table 8. It can be seen that the Tg and the storage modulus of 

polymer samples after immersion in water for 24 h remained constant. This was not the case 

for PETMP-derived thiol-ene samples which showed a significant decrease in their Tg and 

their storage modulus after water storage. 

 

Table 8: Storage moduli and Tgs of photocured TATT/TMPS, DBC/PETMP and DBC/DiPETMP resins before and 
after storage in water for 24 h. 

Thiol Monomer Tg / °C
a
 

before 

Tg / °C
a
 

after 

E' / GPa 

before 

E' / GPa 

after 

TATT/TMPS 67±1 67±1 1.5
b
 1.3

b
 

TATT/PETMP 61±1 42±1 2.0
b
 1.4

b
 

DBC/PETMP 50±1 47±1 1180
c
 1050

c
 

DBC/DiPETMP 61±1 57±1 1710
c
 1590

c
 

 

a
 determined at the maximum of tan delta 

b
 storage modulus (E’) measured at 25 °C 

c
 storage modulus (E’) measured at 37 °C 
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In contrast thiol-yne derived photopolymers with ester-bearing thiols were much less affected 

by water absorption. This was shown by the example of DBC/PETMP and DBC/DiPETMP in 

Table 8 where the Tg and the storage modulus (measured at 37 °C) remained almost 

constant after immersing samples in water for 70 days. An explanation can be found in the 

higher crosslink density of thiol-yne photopolymers. Monitoring the water uptake over time 

(shown in Figure 10) revealed that DBC/PETMP showed higher water absorption compared 

to DBC/DiPETMP due to its looser network structure. The water absorption capacity is 

known to increase with the ester content in the polymer.56,62 This was confirmed by the fact 

that DBC/TMPS clearly showed the lowest water absorption. 
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Figure 10: Water absorption of DBC/PETMP, DBC/DiPETMP and DBC/TMPS. 

 

2.2.7.3 Impact properties of thiol-yne photopolymers 

Dependent on their application, medical devices (e.g. implants) need to withstand external 

impact forces and they need to show toughness under load-bearing situations. Therefore, 

impact strength is an important parameter that has to be considered. As a consequence, the 

impact properties as a measure of polymer toughness of TCBC derived photopolymers were 

investigated by Charpy impact testing. It was discoverd that polymers with high toughness 

were obtained which showed impact strengths that were much higher (TCBC/PETMP) or 

comparable (TCBC/DiPETMP) to PLA. As it is shown in Figure 11, these photopolymers 

significantly outperformed the comparable acrylate in terms of impact strength and provide 

thermo-mechanical properties sufficiently high for the production of biomedical devices. 
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Figure 11: Charpy impact strength and Tg of DBC/PETMP, DBC/DiPETMP, BuAc and PLA.* 

*for Charpy impact strength of PLA review Mautner et al.
49

; for Tg of PLA review Middleton et al.
44

 and Hassan et 
al.

94
 

 

2.2.7.4 In-depth investigations on the network formation 

In the following chapter, DBC was used and investigated in combination with the three 

different thiols, TMPMP, PETMP and DiPETMP in order to further study the network 

formation and its correlation with the functionality of the thiol and trying to link it with the 

resulting mechanical properties in order to generate tough polymers. 

The mechanical properties and the curing speed of photopolymers are strongly influenced by 

the time to reach gelation (tgel), the conversion at the gel point (MCg), the overall monomer 

conversion (MC) and the shrinkage force (FN). Real-time Near Infrared (RT-NIR) 

Photorheology is capable of investigating all these parameters within one single 

measurement.95 While thiol-yne photopolymers react in a step-growth mechanism they are 

known for a higher conversion at the gel point compared to (meth)acrylates which react via a 

chain growth mechanism.51 Due to a higher mobility of monomers and radicals below the gel 

point, this results in higher overall monomer conversion. While in (meth)acrylic systems the 

gel point is reached a low conversion, hindered monomer mobility above the gel point is 

responsible for the lower overall conversion and the evolution of shrinkage stress. 

In photorheology the time of gelation tgel is reached when the storage modulus (G’) intersects 

the loss modulus (G’’), hence G’/G’’ = 1, which is displayed in Figure 12 (left) for 

DBC/TMPMP, DBC/PETMP, DBC/DiPETMP and BuAc as the reference. While BuAc 

reaches gelation already after 1.7 s, it is significantly delayed in an increasing order starting 

from DBC/DiPETMP to DBC/PETMP to DBC/TMPMP (compare Table 9), while tgel increases 
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with decreasing thiol functionality which is explained by the faster network formation and the 

higher resin viscosity when applying multifunctional thiols. The shrinkage stress, expressed 

by the normal force FN behaves diametrical to the tgel, as seen in Figure 12, with BuAc 

exhibiting the highest shrinkage stress (FN = 32.7 N), followed by DBC/DiPETMP (FN = 26 N), 

DBC/PETMP (FN = 24.7 N) and DBC/TMPMP (FN = 22.1 N). 
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Figure 12: Left: Determination of the gelpoint (G’/G’’ = 1, ─). Right: Measurement of the normal force FN. BuAc 
(chain double dotted), DBC/TMPMP (dotted), DBC/PETMP (dashed), DBC/DiPETMP (chain dotted). Light starts 
at 0 s. 

 

MCg which was obtained by monitoring the decreasing signals in the NIR region of the triple 

or double bonds of alkynes or the acrylate, respectively, increases with decreasing thiol 

functionality while being significantly higher for all thiols compared to BuAc. Although all thiol-

yne resins show much higher viscosities () than BuAc, they still reached similar high MCs. 

 

Table 9: Investigated parameters of DBC/thiol formulations and their corresponding photopolymers including 
reference sample BuAc. 

Formulation 

 / 

mPa*s 

tgel  

/ s 

MCg 

/ % 

MC 

/ % 

DF  

/ % 

Rel. 

Dres 

Rel. 

E’(100°C) 

Tg  

/ °C 

E' at 

20 °C 

/ MPa 

DBC/TMPMP 66 10.3±0.2 55±2 95 5 1 1 37±0 2048±20 

DBC/PETMP 114 8.1±0.2 46±1 92 11 1.5 1.3 50±0 1937±266 

DBC/DiPETMP 298 5.6±0.3 35±1 90 12 1.8 1.6 61±0 1939±88 

BuAc 4 1.7±0.1 18±2 89 --- --- --- 83±6 1612±22 
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Studies of the network properties by DQ NMR showed a direct correlation of the crosslink 

density (expressed by the relative (Rel.) Dres values in Table 9) with the thiol functionality 

while the amount of non-network chains (DF) correlated with the expected amount of 

unreacted monomers and photoinitiator or its cleavage products. Estimating the crosslink 

density by comparing the storage moduli in the rubbery state (Rel. E’(100°C) in Table 9), as 

proposed by Fairbanks et al.65 lead to only slight deviations to those results. This fact clearly 

underlines the advantages of DQ NMR where detailed information about the crosslink 

density and the fraction of non-network chains can be obtained by a single measurement. 

As a result of the increasing crosslink density by increasing thiol functionality, the Tg (at tan 

delta max) measured by DMA increased steadily from 37 °C (DBC/TMPMP) to 61 °C 

(DBC/DiPETMP), while the FWHM remained between 10°C - 22 °C, reflecting highly 

homogenous networks (compare Figure 13, left). The storage moduli ranged from 1900 -

 2100 MPa. Measuring the impact resistance (Charpy impact testing) as an indicator for 

polymer toughness, high values of 16 – 38 kJ*m-2, as depicted in Figure 13 (right) were 

obtained which are comparable to TCBC, as discussed previously (vide supra). Especially 

DBC/DiPETMP can outperform the reference acrylate BuAc in terms of storage modulus and 

impact resistance (BuAc: 3 kJ*m-2 v.s. DBC/DiPETMP: 16 kJ*m-2) while offering reasonable 

Tg of 61 °C. The fact that the observed shrinkage forces only slightly deviated, suggests that 

not only shrinkage stress, but also network homogeneity is playing a role for the higher 

impact strength for the investigated alkynes in comparison to the acrylate. 
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Figure 13: Left: DMA plots of DBC/TMPMP (chain dotted), DBC/PETMP (solid) and DBC/DiPETMP (dashed). 
Right: Measured Charpy impact strengths for DBC derived polymers and BuAc. 
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2.2.8 Degradation of alkyne carbonates derived photopolymers 

For several medical applications as e.g. scaffolds for bone regeneration therapies, hydrolytic 

polymer degradation can be desired.35 While degradation products of (meth)acrylates are 

known for their potentially adverse effects, step-growth derived polymers containing 

degradable linkers are expected to degrade to low molecular weight degradation products 

which are easily removed from the degradation site in the human body.33,49,46 

Therefore, the degradation behavior of alkyne carbonates in alkaline and acidic solution was 

investigated and it was demonstrated that it is possible to tune the degradation times by 

combining degradable (PETMP) and non-degradable thiols (TMPS, EDT). While 

hydrolytically stable polymers were obtained using EDT (g-i in Figure 14), it was possible to 

significantly slow down degradation in alkaline and acid solution by replacing 5 to 20% of 

PETMP by the silane-based thiol TMPS (d-f in Figure 14). Mentionable the thermo-

mechanical properties were not negatively influenced by TMPS as it was presented in Figure 

9 (left). Degradation in alkaline media was expectedly faster than under acidic conditions due 

to the higher sensitivity of ester groups towards alkaline hydrolysis.96 In alkaline medium, 

4PC/PETMP and 4BC/PETMP showed similar degradation behavior as PLA and fully 

degraded within 7.6 days. Enhanced hydrophobicity, derived from the additional methyl 

groups of MPC/PETMP (Figure 14, c) significantly decreased the degradation rate, leading to 

(extrapolated) full degradation after 34 days. While EDT derived polymers tended to swell as 

a result of the low network density, all other polymers degraded in a surface erosion manner, 

which is desired for degradable polymers as bulk erosion leads to a premature loss and non-

linear decrease of the mechanical properties.47 
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Figure 14: Weight losses during degradation for the formulations a) 4PC/PETMP, b) 4BC/PETMP, c) 
4MPC/PETMP d) 4PC/5TMPS, e) 4PC/10TMPS, f) 4PC/20TMPS, g) 4PC/EDT, h) BC/EDT, i) MPC/EDT and PLA 
(left only) in 1 M NaOH (left) and 1 M HCl (right) at 45 °C. 
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2.2.9 3D printing of tough thiol-yne derived photopolymers 

TCBC demonstrated excellent curing rates, conversion and low cytotoxicity, as well as 

excellent mechanical and impact properties in combination with DiPETMP. Its printability was 

evaluated using a blue light (peak at 460 nm) DLP printer. Using Sudan II as a light absorber 

and Ivocerin® as a photoinitiator, test patterns (shown in Figure 15) were successfully 

printed. The achieved accuracy of 40*40 µm represented a resolution that is high enough for 

the production of bone scaffolds where pore sizes of 50 – 1000 µm are known to allow 

optimal bone ingrowth.32,33,34 

 

Figure 15: 3D printed test patterns from a TCBC/DiPETMP formulation (scale on the left shown in cm). 

 

Alkyne ethers, alkyne carbonates and new a thiol in thiol-yne resins are presented as 

alternatives to (meth)acrylates for the AMT-based production of medical devices. 

These monomers show significantly lower cytotoxicity and higher monomer 

conversion, but comparable photoreactivity to acrylates. Studies on their network 

properties revealed their superiority in terms of network homogeneity and crosslink 

density, leading to materials with high glass transition temperatures, high storage 

modulus and toughness, offering tunable degradability and good 3D printability in a 

DLP process. 
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3 Low Migration Type I Photoinitiators for Thiol-
based Resins 

The following results have been published in European Polymer Journal and submitted to 

Journal of Material Engineering.97,23 

 

 State of the art 3.1

Photoinitiators (PIs) are essential components in photoreactive resins. While the toxicity of 

the commonly used (meth)acrylate monomers has already been discussed in the previous 

chapter, the migration of photoinitiators or their cleavage products is an important issue 

which has to be addressed for the development of new biocompatible materials. To date only 

a few studies can be found in the literature that deal with the toxicity of commonly used 

photoinitiators or their migration potential in 3D printed medical materials.98,99 Williams et al. 

investigated the toxicity of different photoinitiators using a various cell types and concluded 

that Irgacure 2959 (I2959) shows biocompatibility and low cellular toxicity.98 The superiority 

of I2959 in terms of low cytotoxicity was confirmed very recently by Liska and co-workers 

who studied water-soluble hydroxyl ketone and acylphosphine oxide based photoinitiators.99 

However, the toxicity of cleavage or side products of photoinitiators was not considered, 

which is surprising due to the fact that the toxicity of the main cleavage product of I2959, the 

4-(2-hydroxyethoxy)benzaldehyde has not been evaluated to our knowledge.100 Addressing 

low photoinitiator migration, polymers carrying photoinitiating units or oligomeric 

photoinitiators have been studied. However, due to their reduced mobility resulting from a 

strong viscosity increase due to the high molecular weight of applied PIs, only poor reactivity 

and sometimes poor resin compatibility were observed.101,102 Another interesting approach to 

achieve low PI migration are polymerizable photoinitiators as published in the patent 

literature by DuPont.103 This concept describes a polymerizable group being attached to a 

photoinitiator. Upon photopolymerization, the photoinitiating unit gets immobilized by 

covalent linking to the polymer matrix inhibiting its diffusion and thus, migration. While this 

concept is rather simple, most studies dealing with this type of photoinitiators only focused on 

the photochemical performance, ignoring their migration behavior.104,105 In most cases 

reduced reactivity could be observed during polymerization as the diffusion of radicals and 

excited groups is being reduced due to the subsequent photoinitiator immobilization. 
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While studying the photoreactive behavior and the migration potential of benzophenone 

derivatives, carrying polymerizable alkynyl ester and vinyl carbonate groups, we observed 

high migration stability with decent initiation performance of theses PIs in 1,4-butanediol 

divinyl carbonate BuVC/TMPMP formulations.106 In this thiol-ene system, due to the step-

growth mechanism, a high mobility of benzophenone and the formed radicals is enabled 

below the gel point. However, the Norrish type II initiation mechanism of benzophenone is 

known for its inferior initiation performance compared to type I initiators.107 This behavior is 

explained by the fact that the cleavage reaction of type I photoinitiators proceeds much faster 

than the electron and proton transfer of type II photoinitiators. 

Expecting a consequently higher photoreactivity of type I photoinitiators, derivatives of I2959 

and Irgacure TPO-L (TPO-L), carrying a photoreactive propargyl ether group, respectively, 

were synthesized. Their absorption characteristics and performance in a low cytotoxic thiol-

ene resin (BuVC/TMPMP) was investigated. Furthermore, their migration behavior was 

studied and compared to their non-polymerizable references. The photoreactivity and the 

migration behavior of I2969 and its polymerizable derivative were additionally studied in a 

thiol-yne resin (DBC/PETMP) to show the versatility of these types of PIs.  

 

 Results and Discussion 3.2

3.2.1 Synthesis 

The synthesis of the modified I2959, PI-4, was carried out by an esterification of phenol 

followed a subsequent Fries rearrangement using catalytic amounts of AlCl3 as described in 

the literature (see Scheme 7).108 

 

 

Scheme 7: Synthesis of photoinitiator PI - 4. 
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Bromination of 2 and subsequent reaction with NaOH lead to the hydroxy ketone 3 which 

was further reacted with NaH and propargyl bromide to the desired PI - 4. 

The modified TPO-L was synthesized according to Scheme 8. The commercially available 

TPO-L was reacted with sodium iodide to its corresponding salt which was converted to 6 

under acidic conditions. Further reaction of 6 with SOCl2 under elevated temperatures 

(110 °C) and catalytic amounts of DMF lead to its corresponding acid chloride 7 which was 

subsequently converted to PI - 9 under alkaline conditions with propargyl alcohol. 

 

 

 

Scheme 8: Synthesis of the photoinitiator PI – 9. 

 

3.2.2 Absorption by UV-Vis Spectroscopy 

UV-Vis spectroscopy was used in order to investigate the absorption behavior of light which 

is an essential factor for photocurable resins as the absorption maximum has to match with 

the emission spectrum of the light source. The absorption characteristics of both PIs did not 

significantly deviate from their references as shown in Figure 16. The modified PIs show only 

slightly higher absorptions. 
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Figure 16: Absorption spectra of the synthesized photoinitiators and the commercially available reference 
substances (1.0 mM in acetonitrile). Left: I2959 (solid line), PI – 4 (dotted line); right: TPO-L (solid line), PI – 9 
(dashed line). 

 

3.2.3 Photoreactivity 

The photoreactivity which was characterized by photo-DSC revealed similar values for PI – 9 

compared to TPO-L (compare Table 10) at both investigated concentrations of 1 mol% and 

5 mol% in a BuVC/TMPMP resin. This was not the case for PI - 4. Here, significantly lower 

values regarding peak height and conversion (ΔH) and higher tmax values were obtained. This 

indicates its lower reactivity compared to I2959 as shown in Table 10. 

 

Table 10: Photopolymerization parameters obtained by photo-DSC. 

Photoinitiator tmax / s 
Peak height / 

mW*mg
-1

 
ΔH / J*g

-1
 

I2959 (5 mol%) 1.9 52 280 

PI - 4 (5 mol%) 2.5 23 190 

TPO-L (5 mol%) 2.0 51 285 

TPO-L (1 mol%) 1.9 48 320 

PI – 9 (5 mol%) 2.2 51 310 

PI – 9 (1 mol%) 2.1 48 300 
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RT-FT-IR spectroscopy was used to observe the incorporation of the newly synthesized PIs 

into the polymer matrix that are expected to follow the mechanistic principles shown in 

Scheme 9. 

 

Scheme 9: Incorporation of PI - 4 into the thiol-ene network during photopolymerization. 

 

By studying the conversion of the triple bond of the alkyne functionality at 3250 – 3330 cm-1 a 

quantitative conversion of both polymerizable PIs was confirmed as shown in Figure 17 (left). 

Thus, non-reacted PI molecules but also their functionalized fragmentation products are 

immobilized in the polymer matrix. Mentionable, as studied by Jokusch et al. and Kolczak et 

al., who studied the fragmentation of the reference PIs, I2959 and TPO-L, the formation of 

leachable acetone (PI - 4) and 2,4,6-trimethylbenzaldehyde (PI - 9) can be expected.109,110 
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Figure 17: Conversion of alkyne ether groups of PI - 4 (red circle) and PI - 9 (black square) during UV illumination 
(left) and results of photo-DSC measurements (tmax and peak height) of different concentrations (shown in wt%) of 
PI – 4 and I2959 in a DBC/PETMP resin formulation (right). 
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The photoreactivity of PI – 4 was also studied in a thiol-yne resin at different applied 

concentrations and compared to I2959 as shown in Figure 17 (right). The results of PI – 4 

and its reference do not significantly deviate. Mentionable, a minimum concentration of 

1 wt% seems to be necessary for an optimal curing performance. However, both PIs show 

similar peak heights and tmax values at all investigated concentrations and also no significant 

changes in ΔH were observed. This is in contrast to the observations in a thiol-ene resin. The 

difference in photoreactivity of this PI in both systems cannot be explained by its 

immobilization in the polymer matrix. It is therefore subject of current research. 

 

3.2.4 Migration Studies 

For quantification of the amount of leachable photoinitiator and their cleavage products in 

order to characterize their overall migration behavior, cured resin samples were immersed in 

ethanol at 50 °C for 96 h. Using GC-MS it was possible to analyze the amount of I2959 and 

PI – 4 in the extracts. 

In the extracts of the thiol-ene resin, BuVC/TMPMP, approximately 27% of the initially 

applied amount of I2959 was detected, while the amount of PI – 4 was below the detection 

limit of the applied method (0.15 µg*mL-1) as shown in Figure 18 (left). Mentionable, none of 

its cleavage products were detected.  

I2959 PI-4 TPO-L PI-9

0

10

20

30

F
ra

c
ti
o
n
 o

f 
m

ig
ra

te
d
 P

I

in
 a

 t
h
io

l-
e
n
e
 R

e
s
in

 /
 %

 

0.25 wt%

PI-4

1 wt% PI-4 0.25 wt%

I2959

1 wt%

I2959

0

2

4

6

8

10

P
h

o
to

in
it
ia

to
r 

m
ig

ra
ti
o

n
 i
n

 a

th
io

l-
y
n

e
 r

e
s
in

 f
o
rm

u
la

ti
o

n
 /
 %

 

Figure 18: Results of migration studies of PI - 4 and P - 9 and their references in a thiol-ene (BuVC/TMPMP) resin 
(left) and PI – 4 and its reference at two different concentrations, respectively, in a thiol-yne resin (DBC/PETMP) 
(right). 

 

These results confirm the observations of the RT-FT-IR measurements in Figure 17 (left) and 

reveal the beneficial effect of PI -4 in terms of migration. In order to determine the amount of 
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leachable PI – 9 and its reference TPO-L in the thiol-ene resin, ICP-MS measurements were 

performed which allow the quantification of these phosphorous containing PIs and also 

potential, phosphorous-containing fragmentation products in the extracts. Surprisingly, a 

rather high amount of phosphorous could be detected in the extract of PI – 9 (which 

corresponds to approximately 16% of its applied amount). Due to RT-FT-IR measurements, 

much lower values would have been expected. Presumably, a partial fragmentation of the P-

O bond can explain this observation, which had not been reported for TPO-L so far. 

Nevertheless, the migration behavior was still reduced compared to TPO-L. 

GC-MS studies on the extracts of thiol-yne (DBC/PETMP) resins with different 

concentrations of PI – 4 and its reference I2959, respectively, revealed that the detected 

amount of PI – 4 at an initially applied concentration of 0.25 wt% was approximately ten 

times lower compared to its reference. At an applied concentration of 1 wt%, the amount of 

PI – 4 in the extracts was even below the detection limit (LOD) (0.5 µg*mL-1) of the used 

method, while about 6.5% of I2959 were extracted. The higher extracted amounts at lower 

applied concentrations is explained by the reduced photoreactivity as shown in Figure 17 

(right) which might have led to insufficiently cured samples, thus higher PI mobility. Additional 

focus was set on the migration of the cleavage product of PI – 4. Besides acetone, which 

was not considered in these studies due to its low toxicity, 4-(2-hydroxyethoxy)benzaldehyde 

is the main cleavage product of I2959 as reported in the literature.111 Assuming an analogous 

cleavage behavior for PI – 4, 4-(prop-2-yn-1-yloxy)benzaldehyde was expected as the major 

cleavage product. However, this cleavage product was not detected in any of the extracts of 

PI – 4, which underlines the superiority of PI – 4 as a highly efficient, low migration PI for 

thiol-yne resins, making this type of polymerizable PI a promising candidate for 

biocompatible applications. 

 

Two propargyl ether-functionalized photoinitiators were synthesized and their 

absorption behavior was characterized. While PI – 9 showed excellent photoreactivity 

in a thiol-ene resin, PI – 4 is particularly suitable for thiol-yne resins. This was 

confirmed by migration studies, where this type of PI showed almost quantitative 

incorporation into the polymer network, reducing the amount of migration products to 

a minimum below the detection limit of the applied GC-MS analysis method.   
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4 Summary 

The present work highlights the potential of thiol-yne photopolymers as biocompatible 

alternatives to (meth)acrylates for the AMT-based production of medical devices. Alkyne 

ethers and alkyne carbonates have been synthesized in facile reaction pathways with high 

yields. As it was proven by real-time NMR studies, molecules bearing terminal alkyne groups 

show no significant reaction towards Michael donors under simulated physiological 

conditions in contrast to (meth)acrylates. Thus, a low cellular toxicity of alkyne-based 

monomers was predicted which could be confirmed by in-vitro cell culture tests. Photo-DSC 

revealed very high photoreactivities of these monomers in combination with multifunctional 

thiols, which were in the range of acrylates, especially for but-1-yn-4-yl ethers and 

carbonates. Most importantly, it was demonstrated by real-time FT-IR spectroscopy that 

these investigated thiol-yne formulations show very high monomer conversions. Additionally, 

it could be shown, that the overall conversion can be increased by UV post-curing under 

elevated temperature, making these polymers interesting for the production of medical 

devices, where low migration of unreacted monomers is essential. Investigations of different 

stabilizers in a DBC/PETMP formulation revealed that the storage stability was significantly 

enhanced by the use of food-compatible additives. 

Investigations on the network density of 1,4-butandiol based alkyne ether derived thiol-yne 

photopolymers showed a six times higher crosslink density compared to an analogous thiol-

ene (vinyl ether) derived photopolymer as it was studied by DQ solid state NMR 

spectroscopy. As a result, Tgs and storage moduli are significantly increased as confirmed by 

DMA measurements. Additionally, the studied networks appeared very homogenous as it 

was indicated by the narrow FWHMs of tan delta. The use of rigid backbone structures as 

shown by the example of bisphenol A derivatives further improved the storage moduli and 

lead to Tgs that were significantly above body temperature. 

A similar behavior was observed for alkyne carbonates. 1,4-butanediol based alkynes lead to 

photopolymers with insufficiently high glass transition temperatures for internal body 

applications. In contrast, multifunctional alkynes or rigid backbone structures yield 

photopolymers with high Tgs and also very high impact strengths (Charpy impact) that are in 

the range or even higher than it is reported in the literature for PLA. 

In-depth investigations on the network formation by photorheology of DBC in combination 

with the three different thiols (TMPMP, PETMP and DiPETMP) revealed that gelation is 

significantly delayed for thiol-yne derived photopolymer compared to the reference acrylate. 

This lead to high conversions at the gel point and high overall monomer conversions with 
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slightly lower shrinkage stress values. Expectably, the crosslink densities and the Tgs of 

these thiol-yne photopolymers increases with increasing thiol functionality as studied by DQ 

NMR and DMA. As the measured shrinkage stress value of the acrylate only slightly deviates 

from the investigated thiol-yne polymers, the increased impact strength can be attributed to 

their high network homogeneity.  

Thiol-yne formulations also showed excellent printing behavior with high accuracy in a DLP 

process, as it was demonstrated on the example of a TCBC/DiPETMP formulation. It was 

also shown that thiol-yne polymers were able to undergo controlled degradation under 

alkaline or acidic conditions. Studies on alkyne carbonates revealed that the degradation rate 

can be easily tuned by combining the hydrolytically unstable PETMP with the hydrolytically 

stable thiol TMPS, without significantly reducing the thermo-mechanical properties. While 

TMPS was synthesized in a two-step process, it showed much lower viscosity than PETMP. 

Most importantly, the thermo-mechanical properties of thiol-based photopolymers containing 

TMPS were slightly improved and not negatively influenced by water absorption.  

Using alkyne functionalized PIs, low migration of PIs or their cleavage products was 

achieved in thiol-based resins. This was demonstrated in biocompatible thiol-ene and thiol-

yne formulations with propargyl ether functionalized derivatives of I2959 (see PI – 4) and 

TPO-L (see PI – 9). While these PIs can be accessed via facile multi-step reactions, they 

showed similar absorption behavior as their non-polymerizable references. 

Both PIs showed quantitative triple bond conversions and high photoreactivities in thiol-ene 

or thiol-yne resins. GC-MS analysis of the extracts of PI – 4 containing samples revealed that 

the amount of leachable PI and its cleavage products in thiol-ene and thiol-yne 

photopolymers, respectively, was below the detection limit of the GC-MS method. Much 

higher amounts of phosphorous-containing fragments were detected by ICP-MS for PI – 9 in 

thiol-ene samples. However, its concentration was still lower than for the reference PI. 

Especially, their low PI migration but also their high initiation performance in thiol-based 

resins makes theses PIs interesting candidates for low migration applications as for example 

medical materials. 

Due to the versatile properties of the presented thiol-yne photopolymers including low 

monomer cytotoxicity, high photoreactivity and monomer conversion, together with excellent 

thermo-mechanical and impact properties, while revealing good printability, this material 

show very high potential for the 3D printing of medical devices.  
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7 APPENDIX 

 List of Abbreviations and Acronyms 7.1

4BC   1,4-Butandiol dibut-3-yn-1-yl carbonate 

4MPC   1,4-Butandiol dipent-4-yn-2-yl carbonate 

4PC   1,4-Butanediol dipropargyl carbonate 

4PE   1,4-Butanediol dipropargyl ether 

AlCl3   Aluminum chloride 

AMT   Additive manufacturing technology 

BABC   2,2-Bis[4-(2-hydroxy)ethoxyphenyl]propane dibut-3-yn-1-yl carbonate 

BHT   Butylated hydroxytoluene 

BisAEPE   2,2-Bis[4-(2-(prop-2-yn-1-yloxy)ethoxyphenyl]propane 

BisAPE   2,2-Bis[4-(prop-2-yn-1-yloxy)phenyl]propane 

BuAc   1,4-Butanediol diacrylate 

BuBE   1,4-Butanediol dibut-3-yn-1-yl ether 

BuMAc   1,4-Butanediol dimethacrylate 

BuOH   3-Butyne-1-ol 

BuVC   1,4-Butanediol divinyl carbonate 

BuVE   1,4-Butanediol divinyl ether 

CAD   Computer aided design 

CDI   1,1’-Carbonyldiimidazole 

CT   Computer tomographic 

DBC   Di(but-1-yne-4-yl)carbonate 

DF   Defect fraction 

DIOPA   Diisoctylphosphinic acid 

DiPETMP   Dipentaerythritolhexa(3-mercaptopropionate) 

DLP   Direct light projection 

DMA   Dynamic Mechanical Analysis 
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DMF   Dimethylformamide 

DMSO   Dimethylsulfoxide 

DQ   Double quantum (refers to solid state NMR spectroscopy) 

Dres   Residual dipolar coupling 

E'   Storage modulus (DMA) 

EC50   Half maximal effective concentration 

EDT   2,2′-(Ethylenedioxy)diethanethiol 

ETAHC   Ethanolamine hydrochloride 

FN   Shrinkage force 

FT-IR   Fourier Transformed Infrared Spectroscopy 

FWHM   Full width at half-maximum of tan delta 

G’   Storage modulus (Photorheology) 

G’’   Loss modulus (Photorheology) 

GC-MS   Gas chromatography mass spectroscopy 

HCl   Hydrogen chloride 

HEA   2-Hydroxyethyl acrylate 

HEMA   2-Hydroxyethyl methacrylate 

I2959   Irgacure 2959 

ICP-MS   Inductively coupled plasma - mass spectrometry 

LOD   Limit of detection 

MC   Overall monomer conversion 

MCg   Conversion at the gel point 

MEHQ   Hydroquinone monomethyl ether 

MRI   Magnetic resonance imaging 

MTE   2-(2-Methoxyethoxy)ethanethiol 

NaH   Sodium hydride 

NaOH   Sodium Hydroxide 

NMR   Nuclear magnetic resonance 

PETMP   Pentaerythritoltetra(3-mercaptopropionat) 
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Photo-DSC   Photo Differential Scanning Calorimetry 

PI   Photoinitiator 

PI - 9   Prop-2-yn-1-yl phenyl(2,4,6-trimethylbenzoyl)phosphinate 

PI-4   2-Hydroxy-2-methyl-1-(4-(prop-2-yn-1-yloxy)phenyl)propan-1-one 

PLA   Polylactic acid 

RT-FT-IR   Real-Time Fourier Transformed Infrared Spectroscopy 

RT-NIR   Real-time near infrared 

SLA   Stereolithography 

SOCl2   Thionyl chloride 

TATT   Triallyl-1,3,5-triazine,2,4,6(1H,3H,5H)trione 

TCBC   Tricyclo[5.2.1.02,6]decane-4,8-dimethanol dibut-3-yn-1-yl carbonate 

Tg   Glass transition temperature 

tgel   Time to reach gelation 

tmax   Time to reach the maximum of delta H during photo-DSC measurements 

TMPC   1,1,1-Tris(hydroxymethyl)propane tripropargyl carbonate 

TMPMP   Trimethylolpropanetris(3-mercaptopropionat) 

TMPS   Silanetetrayltetrakis(propane-1-thiol) 

TPO-L   Irgacure TPO-L 

ΔH   Reaction enthalphy 

η    Viscosity 

ρ    Density 

σ    Surface tension 

 

  



 

134 

 

 List of Figures 7.2
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